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Abstract

In this study, three SBCs are developed as (i) SBC with phase change material (PCM: waste cooking
oil and C4H403), (ii) a novel SBC with nanocomposite PCM (NPCM), and (iii) a SBC without NPCM.
The novel proposed cooker integrated with NPCM (MgAl>O4/Ni/Fe>O3-PCM) was experimentally
developed and its performance was evaluated using fuzzy logic and Cramer’s rules, and image
processing techniques. The results indicated that the implementation of a bar plate absorber coated with

MgAl,04/Ni-doped, Fe>Os; nanoparticles, and integrated with PCM increases the cooker's internal
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temperature up to 164.12°C. The used nanocomposite materials were in the average particle size of 20
pum. The cooking materials were verified with the temperature in the segmentation process. The NPCM
indicated the SBC’s thermal performance enhancement of 11% in comparison with the SBC with PCM
and without NPCM. Additionally, the overall thermal performance of SBCs without NPCM, with PCM,
and with NPCM was obtained as 24.90-33.90%, 24.77-45.20%, and 31.77-56.21%, respectively.
Moreover, the temperature of the bar plate absorber was achieved as 163.74°C, 147°C, and 113.34°C
for the SBC with NPCM, PCM, and without NPCM, respectively, under the solar radiation of 1,037
W/m?,

Keywords: Nanocomposite PCM, Box-type cooker, Thermography, Thermal performance.

1 Introduction

Cooking is extremely important for human life but it depends on fossil fuels in a way that most
cookers are powered by burning conventional solid fuels like coal, wood, kerosene, etc., which
are polluting and bring several health risks for the users [1-3]. Hence, clean cooking must be
expanded drastically and promoted particularly to the isolated regions to hamper further
premature deaths. Although many developments have been made, there is still a significant
demand for clean cooking so that in 2020, the number of people that suffered from the lack of
cooking facilities with no pollutants was 71% of the total population in Africa, 44% in Asia,
11% in Central and South America [4,5]. Additionally, in most of the regions around the world
with low access to conventional fuels as the primary energy source, the potential of solar energy
is relatively high, highlighting the importance of using solar energy as an alternative energy
source [6-8]. In this regard, solar-powered cooking, as one of the low-tech applications of solar
energy can be employed as a sustainable cooking facility to provide food for needy
communities. In a typical solar cooker, heat is trapped inside an enclosure where the internal

air temperature may reach nearly 200 °C [9] that would be sufficient to cook or bake foodstuffs.
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In essence, solar cookers can be either a direct type in which sunlight reaches the cooking pot
to transfer thermal energy directly or indirectly. Thermal power is provided using a solar
collector and supplied to the cooking unit indirectly [10]. Direct types can be classified into
solar panel cookers [ 11], box-type cookers [9], and concentrating cookers [12].

Numerous attempts have been made to study and develop different solar cookers to improve
efficiency and broaden their applicability. Schwarzer et al. [13] showed the fundamental
characteristics, design principles, and testing standards for a simple solar cooker. They reported
that several criteria concerning safety, portability, stability, endurance, robustness, and user-
friendliness are essential to consider for this technology. In another study, Lokeswaran and
Eswaramoorthy [ 14| presented a solar cooker coupled with a parabolic dish concentrator (PDC)
and a porous medium using scrap material. Conducting several tests indicated that
implementing a porous medium increases the operating temperature, water temperature, and
optical efficiency compared to the cooker with the plain receiver. Moreover, Chen et al. [ 15]
employed a radio telescope sub-reflector to form a concentrating solar cooker and investigate
the system's performance. Using both simulated and test results revealed that the solar cooker
operating in tracking mode could result in an output temperature of 92.2 °C. Gonzalez-Aviles et
al. [16] modified an early model of solar cookers, including a basket as a solar collector to hold
the cooking pot. The results indicated that the proposed system can provide 75 W of the
required power for cooking with a thermal efficiency of 20%. Another design was introduced
by Edmonds [ 17] in which eight reflector panels concentrated the sunlight through the cooking
pan with reduced optical and thermal losses. Experimental data demonstrated that the cooking
temperature could reach 260 °C under fair-weather conditions. Using a curved Fresnel lens
concentrator, Zhao et al. [ 18] developed a solar cooker that yielded high concentration while
tracked the sun. Results showed that the system could achieve 361 °C when the beam radiation

reaches 712 W/m?, and the cooking takes 34 min when 0.5 kg of pork is cooked. Further
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modifications in the solar cooker as a combination with a dryer [19], integration with a
parabolic trough [20], utilization of Fresnel lens with a cavity receiver [ 10], and incorporation
with an evacuated tube [21] have also documented in the literature.

In the solar box-type cooker (SBC) as the most studied design, researchers have presented
significant developments. Mahavar et al. [22] studied an SBC to find the optimum load values
where the desired range was found to be 1.2 to 1.6 kg of food material. In another attempt,
Farooqui [23] proposed a powerless tracking mechanism to be incorporated with the SBCs.
The tracking system operated within 6 h using no external power while being powered by
potential energy stored in a water container assisted with springs. A novel hybrid solar cooker
consisting of photovoltaic (PV) panels to provide extra heat via direct current (DC) heaters was
developed and compared to a simple solar cooker by Joshi and Jani [24]. The results revealed
that the efficiency of the modified box-type cooker can be enhanced to reach 38%, while the
cooking time is reduced compared with conventional methods. Harmim et al. [25] evaluated
the influence of a finned absorber on the efficiency of a box-type cooker, where results
demonstrated that the proposed modification increases the stagnation temperature by 7% and
decreases the time required to boil the water by 12%. The integration of an electric backup unit
with a SBC was also studied by Mahavar et al. [26] to facilitate the deployment of this
technology despite its dependency on weather conditions. Test data suggested that this hybrid
system can cook 1.2 kg of food material for 100 min on a cloudy day. The electric backup
contribution was only 0.12 kWh and 82% lower than the conventional electric heater.

The implementation of reflector panels has also been reported as one of the promising
techniques used in SBCs to enhance their performance. In this case, Harmim et al. [27]
developed a building-integrated solar cooker using compound parabolic (CPC) reflectors,
where 78.9 W of the cooking power was obtained, reaching a maximum temperature of 166 C.

Furthermore, Guidara et al. [28] used four outer reflectors to improve a SBC's performance and

4
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reported that cooking times for rice and beans are 72 and 107 min, respectively. Weldu et
al. [29] reported that tracking reflectors can increase the cooker thermal efficiency by 9.6%
compared to fixed reflecting mirrors. The utilization of an aluminum receiver instead of
stainless steel would improve thermal efficiency by 15.4%. Additional enhancement
techniques have been introduced by scientists to improve the performance of SBCs which can
be found in Refs. [30,31].

One of the major drawbacks of SBCs is the short length of the time for an effective operation
since the desired efficiency is obtained only in specific periods in the day. The researchers have
also suggested a variety of thermal storage units to improve the thermal efficiency of solar
cookers. They have used different mediums including salt (53 wt% KNO3, 40 wt% NaNO»,
7 wt% NaNQO3) [32], Bayburt stone [33], pentaerythritol [34], galactitol [35], technical grade
paraffin and erythritol [36], magnesium chloride hexahydrate [37], acetamide and stearic acid
[38]. Bhave and Kale [39] showed that the use of phase change material (PCM) allows a
modified solar cooker. It took about 110 min for the cooker under indoor climate conditions to
provide frying temperatures of 170-180°C for the oil. The tested items revealed that the frying
time for 250 g potato chips is 17 min, while rice takes 20 min to be cooked in each batch. In
another attempt conducted by Geddam et al. [40], a finned SBC coupled with paraffin as the
PCM was numerically investigated. Results demonstrated that the fined structure increases the
heat transfer and reduces cooking time, while PCM brings consecutive cooking and keeps
foodstuffs hot for 3-4 h.

The integration of selective surface showed benefits for SBCs where Cuce [41] presented a
novel micro/nanoporous absorber for a cylindrical solar cooker. It showed a significant
improvement in the absorber temperature and the air temperature as 24.1°C and 42.8°C,
respectively. Ghosh et al. [42] tested a SBC incorporated with a glass cover coated with

antimony doped indium oxide (IAO) to reduce emissivity and increase thermal insulation.
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Results indicated that the coated single glass performs the same as a double-glazed cooker
while suggesting lower cost and weight with higher durability.

Recently, several researchers such as Jang et al. [43], Al-Shamaileh [44], and Shanmugan et
al. [45] have proposed several coatings to be applied on absorber plates using different
nanomaterials. Bhavani et al. [46] used fuzzy rules to study the performance of a simple SBC
in which the absorber was coated with nanoparticles (Al>O3). It was found that the proposed
model can provide an excellent presentation for heat transfers to take place inside the cooker.
Palanikumar et al. [47] also developed a simple BSC coupled with PCM and coated by Al,O3
nanoparticles and analyzed its performance using fuzzy logic and thermal image processing
techniques. Results indicated that in the case of egg boiling, the overall efficiency is enhanced
by 15.41%.

In this study, a thorough investigation has been conducted on three SBCs as SBC with PCM,
with NPCM, and without NPCM (also known as the conventional solar cooker (CSC)) to
improve the internal heat transfers resulting in higher heat generation. In this regard, synthesis
and characteristics of MgAl,O4/Ni-doped, Fe;O3 nanomaterials, and PCM (waste cooking oil
and C4H403) suitable for use in solar cookers have been studied and analyzed. A simulation
model was also developed using intelligent fuzzy logic and Cramer's rule where parameters of
the temperature of glass covers (1 and 2), the temperature of the bar plate, the stuffiness of the
cooked food, and the internal air temperature of the cooker were verified with experimental
data. The thermal image processing technique was also implemented to evaluate the stuffiness

of the cooked food given thermography performance i.e., in terms of temperature.

2 Material and methods
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153 2.1 Cooker design
154 A layout of three designs of the same SBCs (i) with NPCM, (ii) with PCM, and (iii) without
155  NPCM (CSC) are depicted in Fig.1(a). The proposed cookers designed based on terms of the
156  model proposed by El-Sebaii and Ibrahim [48], and Nahar [49], where in their designs, the
157  solar cooker consisted of an inclined double-glass cover, bar plate absorber coated with
158  MgAl>,O4/Ni-doped, Fe>O3 nanocomposite, copper coils filled with PCM, a plywood structure,
159  and a cooking vessel. To increase solar energy absorption by the SBC as demonstrated by
160  Algifri and Al-Towaie [50], two glass sheets with 4 mm thickness and a 0.02 m gap were used
161 to form a 1 m? aperture area.
SUN
H, 4mm
Glass Wool - 0.05m /\%
‘\:’“‘r\ el Ta1 Tgs Plvwood thickness 0.025m
0.02m
X 1 r'S
Copper Coils 7I0‘05m .
Back walls | 5 e 10I8m ——= C,H,0,
————————& > & —» PCM
.20m Waste cooking oil
0.35m Cooker 0.30m
Bar Plate< — e » MgALO,Nidoped Fe,0,
/ 5 Nanocomposite
Copper tube = PCM Coating
. '_/w 1.10m X 1.10m outer box — >
Nanocomposite
Coating *«— 1.00m X 1.00m inner box —*
Glass Cover 1 & 2 Food Stuffiness Internal Air Thermal Food image
—— | A
_:_eoukz EZT__]L::-’:I
B ] =T
S_\/ Brpﬁ " o .1 MgALO,Ni doped Fe,0, with PCM
idewalls
Conventional solar cooker Solar Box Cooker with PCM Solar Box Cooker with
162 (without NPCM) (PCM) nanocomposite-PCM (NPCM)
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3D view of the solar cooker with NPCM

Figure 1. (a) Schematic illustration of three SBCs with the same dimension (i) without NPCM (CSC) (ii) with
PCM, and (iii) with NPCM, (iv) 3D design of the solar cooker with NPCM.

The cooker structure was made of plywood because of its low fabrication costs, higher
availability, improved solidity, and sufficient endurance under test conditions. In this regard,
five plywood surfaces with 0.025 m thickness were used to form the cooker structure with outer
dimensions of 1.10 x 1.10 m with a height of 0.30 m (front side) and 0.35 m (outer-back wall).
The losses from the cooking surface reduced the available thermal energy. The plywood
structure was correctly sealed and wrapped from sidewalls and cooker bottom using the glass
wool with 0.05 m thickness. It is followed by the heat transfer process presented by Kumar
[51].

Inside the cooker, an aluminum cylindrical cooking vessel with a lid diameter of 0.18 m and a
height of 0.20 m placed over the absorber plate with a 0.05 m gap beneath the glass cover. The
bar plate absorber was also fixed at the bottom of the cooker with 0.05 m height to make enough
PCM space installation. Although Algifri and Al-Towaie [50] suggested an aluminum absorber
plate in their work, in the presented work, the copper sheet was selected and used due to its
higher resistance to corrosion, flexibility, elasticity, hygienic, and smoothness features. The

absorber plate was coated with MgAl>O4/Ni-doped, Fe,Os.
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2.1 Experimental setup

Three proposed SBCs were designed, simulated, and investigated at the Department of Physics,
Center of Nanotechnology and Renewable Energies Development, Vijayawada, Southeast
Indian state of Andhra Pradesh (16.5062 °N, 80.6480 °E). An experimental evaluation of the
novel cooker carried out from January 2019 to February 2020, performing a set of outdoor tests
measuring the effects of the proposed configuration on a set of parameters, including:

(1) Ambient temperature (Ta),

(i1))  Fluid temperature inside the vessel (Ty),

(iii)  Internal air temperature (Tina),

(iv)  Glass covers’ (1 and 2) temperatures (TG 1,2),

(v) Absorber plate’s temperature (Tpp),

(vi)  Solar radiation (Hs), and

(vii)  Wind speed (ws).

Measuring all parameters including solar radiation, ambient temperature, and wind speed were
carried out in 30 minutes. Fig.1(b) (A, B, C, D) illustrates the experimental setup developed in
this study where the wind speed (m/s) was measured using an anemometer (WSSw/AVO) with
a testing range of 0.5-50 m/s. Kipp and Zonen's CMP21 pyranometer was used to measure solar
irradiance (W/m?). Also, temperatures of different components were measured using
thermocouple wires and a digital multimeter. The ambient temperature (°C) was measured

using camp bell CS215.
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; ~ Solar Cooker
“with NPCM

Conventionall =~
2 0

_Solar C'(')()ké”rr : '“j- — 2.:‘:‘50lz;_r:E'()()l(er
= B with PCM

Side walls

Internal Heat Transfer Modes
Side walls

Figure 1. (b) (A, B — internal process, C, D) the experimental setup of SBCs (i) with NPCM (ii) with PCM, and
(iii) without NPCM (CSC).

2.2 Integration of PCM

A bar plate absorber was fixed at the bottom side of the cooker and the PCM was integrated
with the cooker through the coiled copper pipe with an inner diameter of 1.5 mm. The lower
copper coils (at the bottom side) were filled with 3,000 g PCM composed of waste cooking oil
and stearic acid (C4H403). The bar plate was fixed inside the solar cooker and below ten copper
pipes. It was placed inside 1,500 g of PCM to support the cooker (Fig. 2b (A) - NPCM). The
main benefits of the proposed PCM are high specific heat, improved chemical stability,
reversible freeze-melt cycle, low cost, large-scale availability, and high compatibility with
NPCM. The effectiveness of PCM integration for solar cookers was tested under both loaded
and unloaded conditions. It was shown that the mixture of C4H4O3 and waste cooking oil
(PCM) has a considerable capability to store thermal energy in a long-time process, where the

absorber’s temperature remains constant during the operating time. The mixture of C4H403 and
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waste cooking oil as the PCM intensifies the natural convection heat transfer. In this way, the
solar energy is absorbed by cookers where the heat flow is from the absorber plate to the PCM
until it reaches the melting point. When the PCM melts, the cooker absorbs excess thermal
energy which is stored as sensible heat. The NPCM employs the latent heat of C4H4O3 and the
waste cooking oil (PCM) to increase the absorbtion of solar radiation. Therefore, the PCM
brings an additional thermal power source in nocturnal operations or cloudy and cold periods
when solar radiation is not available or sufficient [52]. The amount of thermal energy absorbed
by the bar plate absorber and is stored in the PCM (Qpcm-pp) can be obtained as:
Qpem-bp = | MppCppdT = mCoy(T; — Tf) (D
The bar plate absorbs a fraction of the solar radiation used to increase the temperature of the
PCM. The plate absorber’s total amount of heat transfer is:

Qf-pp = agmdh, (2)
2.2.1 The PCM characteristics
The mixture of C4H403 and waste cooking oil (PCM) improved viscosity and maintained a
temperature of 50°C for the system. The thermal energy storage at the temperature of 137°C
by the PCM was reported by Oturang et al. [53] and Buddhi et al. [54]. The cooking waste oil
was collected from the Koneru Lakshmaiah Education Foundation (KLEF) hostel in March
2019, with thermo-physical characteristics presented in Table 2. The mixture of C4H40O3 and
waste cooking oil (PCM) can transmit the sunlight and provide a melting point of 35-60°C.
Since the PCM-based thermal energy systems utilize the latent heat from melting or freezing
phenomena, the energy stored by the solid to liquid phase change is at least 1-2 orders of
magnitude higher than that of stored through sensible heat storage with a 10°C temperature
difference. During the phase change process, the PCM can absorb the coming heat while its

temperature remains steady for a while. Thus, the energy gained by C4H4O3 and waste cooking

11



241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

Thermal Investigation of a Solar Box-type Cooker with Nanocomposite Phase Change Materials Using Flexible

Thermography

oil is in the forms of the latent heat of fusion from solid to liquid. The high values of fusion
latent heat indicate that the proposed PCM could store a considerable amount of heat through
the phase transition while its temperature remains constant near the melting point. As a result,
this system can be a good option when short-time cooking applications are considered. Table
| summarizes the PCM properties in the same procedure reported by Jin and Zhang [55]. As
Table 2 represents, three standard test conditions measuring the time requirements for the PCM
to reach the absorber’s temperature from its melting point.

Table 1. Thermo-physical properties of C4H403 and waste cooking oil (PCM).

Properties C4sH403 Waste Cooking Oil
Melting temperature (Tm) - (°C) 119t0 120 32 to 37

Thermal conductivity (Ks) - (W/mK) 0.29 0.168

Specific heat (C,) - (kJ/kgK) 1.2340 1.67

Latent heat of fusion (Lpem) - (kJ/kg) 134.0 250

Density (ps) - kg/cm? 1.234 0.91t0 1.0
Refractive index 1.476 1.4719-1.4740
Vapor density (vs air) 7.38 to 8.63 7.7

Table 2. Standard time characteristics obtained as a function of the absorber’s temperature.

Test condition Absorber’s temperature Time

Lower - Thp 95 °C 35 min
Middle - Ty 110 °C 45 min
Higher - T, 137°C 60 min

2.3 Integration of nanocomposite coating

Synthesis of MgAlL2O4/Ni/Fe203

The MoS;-Fe>Os3 film was developed through an electrodeposition method reported by Cong
et al. [56], Wang et al. [57], and Cong et al. [58]. The nanocomposite powders’ preparation

was carried out by dissolving 0.130 g of MgALO4and 0.126 g of Fe;Os3 in 85 mL of distilled
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water. Then, MgAl,0O4-Ni material was added to a 27 mL solution of the precursor.
Additionally, Fe>O3 solution (91.35g) was mixed with distilled water and placed in the
magnetic stirrer to form the equal growth of composite materials. Then, to make the powder,
the product was dried and consequently deposited into the solution using an electrophoretic
method at a given time at a constant voltage of 4.0 V. Finally, the MgAl,O4Ni/Fe>Os3 film was
applied to the uncoated plate absorber of the SBC to improve the solar absorption and the
operating temperature.

2.3.1 Nanocomposite coating characteristics

Fig.2(a) graphically shows the steam iron method and decomposition of the environment
control. The crystalline segments of the MgAl,O4Ni/Fe;O3 were determined using X-ray
diffraction (XRD), as shown in Fig.2(b). The central peak was at 26 of 36.5°, corresponding to
311 planes using a Phillips PANalytical X'PERT diffractometer. The nanocomposite
characterized the use of X-ray photoelectron spectroscopy to control the valance states. The
atomic crystal compositions are consistent with the Cls maximum (282.4 eV). The absorption
coefficient up to the range of 10* cm™ was obtained. Fig.2(c) shows the morphology of
MgAl,O4Ni/Fe;03 in the process of production using Hitachi Model S-4700 (II) Scanning
Electron Microscopes (SEM). The SEM morphology was followed by an experimental band
gap of 1.5 eV for MgAl,O4Ni/Fe>O3 materials as illustrated in this figure. Some formations
such as (A) Ni/Fe>O3 nanosheets, (B) FeoO3/ MgAlO4 composite, and (C) MgAl,O4Ni/Fe2O3
were obtained. The SEM analysis of composite material revealed the average size of molecules
between 0 to 20 pm.

Fig.2(d) shows EDX elements analysis of the MgAl,O4 /Ni/ Fe2O3 (the element of red, green,
and blue colors) that confirms the suitability of the absorption elements. The coating layer

applied to the copper sheet was used to improve the internal heat transfer process of the
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proposed solar cooker. Therefore, the MgAl,O4/Ni/ Fe,O3 material (Purity = 99.99 %) with a
typical particle size of 0.5 pm (y) and a density of 3880 Kg/m> were used in this design. Fig.
1(a) is a schematic diagram indicating the heat absorption mechanism that happens inside the

cooker with the NPCM due to nanocomposite integration by [59].
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Figure 2. (a) Graphical representation of the Steam Iron method and decomposition environment
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Figure 2(b). XRD patterns and SEM analysis of the MgA1204/Ni/Fe,0;.
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Figure 2(d). The EDX elements analysis of the MgAl,04 /Ni/Fe;O; (element of Red, green, and blue

colors).

2.3.2  Solar spectrum reflectance/absorbance characteristics

The spectrophotometer was used to analyze the spectral reflectance and absorbance
distributions with the wavelength of the nanocomposite materials. Fig.2(e) shows a solar
spectrum spreading with colors of black (reflectivity), red (solar radiation), blue
(transmissivity), and green (nanocomposites materials). Each color shows an increase of the
wavelength of the image as for the green it is 0.5-10 um, and for the red, it is 0.4-0.50 ym. The
spectrophotometer measured the reflectance and absorbance of samples with two types of light

as the first was ultraviolet-visible spectroscopy (UV-VIS) region and the second was IR. The
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IR band was activated at 0.930 um and UV-VIS finished at 1,503 nm, resulted in peak values
in the band of 0.930 um and modified an optical property of the nanocomposite’s materials.

The combination of nanocomposites material/PCM increased the IR fraction and the average

reflection values.

UV VIS NIR Mid IR

18 T nT o Iivnl i+ _Coating MgALO, Ni/ Fe,0, s
~ 1.0 Tanemiesvity 1 _ A T -0.9
- r [ “
£ ™~ solar ; / 08 &
Z 1.4 g A J =
o 1 radiatior \ =
< 4.2 ' / Vo7 &
e : -0.6 &
g 1 0.5 &
Rl : -0.4 7
= 4 ' ]
E 0-6 : -0.3 :
§ 047 -0.2 =
“ 0.21 ! - 0.1

4
0.0 05 1 5 10 50 -0

Wavelength (um)

Figure 2(e). Analysis of solar spectrum reflectance/absorbance of the MgAl,O4/Ni/ Fe,O3 coating.
2.4 Fuzzy logic application
The fuzzy synthesis appraisal evaluated the NPCM by considering U and W as the Universe of factors

and the Universe of appraisals, respectively. It can be written as;

U={U, Us, ... Un} 3)
W=A{Wi, Wa, .cccuceue. W} 4)
If F = {f;} is a fuzzy relation where i = 1,2, ..., Nand j = 1,2, ..., M, Table 3 represents the
simple matrix for the developed fuzzy relations. The internal heat transfer process of the
proposed design was evaluated in which a set of weights (W;) assumed to be the factors of
ambient temperature (T,), solar radiation (Hs) W/m?, fluid temperature (Ty), and wind speed
(Ws). The convection weightage of the cooker for all parameters is presented in Table 4. Each
of the proposed weights is a value of membership for each factor as U;. It can be given as the
fuzzy vector;

V = {w1, W2, W3, W4, ...... Whn} 5)
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where Y;u, W; =1
According to the literature [60], the manufacturing specialists have made a specific weight for
each parameter of a system, such as the ambient temperature (0.2), the intensity of solar
radiation (0.7), and wind speed (0.1). The fluid temperature is a parameter for the NPCM,
which has a weightage of 0.5 to form the factor E. To evaluate the performance of the system,
each member of the evaluation categories needed as W; given by:
¢ Reduction
e Idealistic (No change)
e Upsurge
Therefore, taking the NPCM integrated with internal heat transfer for the fuzzy analysis by the
composition O as min-max composition operation of E and J can result in a relation, where the
fuzzy vector Sp can be written as:
Sp=EO0]J (6)
Implementing Eq. (6) leads to the following:
S,=EO]J
Sp =max {ex, ey, €}
Sp =max {0.7,0.1, 0.1}
Where
ex= Max {Min (0.2, 0.6), Min (0.7, 0.8), Min (0.5, 0.7), Min (0.1, 0.6)}
ey = Max {Min (0.2, 01), Min (0.7, 0.1), Min (0.5, 0.2), Min (0.1, 0.3)}
e, = Max {Min (0.2, 0.3), Min (0.7, 0.1), Min (0.5, 0.1), Min (0.1, 0.3)}

Table 3. The suitable values of different parameters affecting the NPCM.

Parameters Reduction Idealistic (No change) Upsurge Total Weightage
Ambient temperature (Ta) 0.6 0.1 0.3 1.0
Solar radiation (Hs) 0.8 0.1 0.1 1.0
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Fluid temperature (Ty) 0.7 0.2 0.1 1.0
Wind speed (Ws) 0.6 0.3 0.1 1.0

Therefore, all categories are used for the outcomes of the fuzzy vector estimation. The fuzzy

rules applied with IF and THEN for the cooker temperature on Reduction energy level,

Idealistic energy level, and Up-surge energy level. Fig.3(i) represents the fuzzy structure of

food stuffiness (fluid) based on the principle of fuzzy logic. In this regard, it would be suitable

if the solar radiation is higher than fluid (cooking materials -rice). The following rules are

shown for the NPCM.

(i) IF Ambient Temperature (Ta) AND Solar radiation (Hs) Upsurge, THEN Food stuffiness
Upsurge.

(i) IF Solar radiation (Hs) AND Fluid Temperature (Tr) Reduction, THEN Food stuffiness
Reduction.

(i11) IF Fluid Temperature (Tr) AND Wind Speed (W5s) are Idealistic, THEN Food stuffiness

is Idealistic.
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Figure 3. (i & ii) Control Fuzzy rules for the cooker in food stuffiness yielded by the NPCM.

Table 4. Characterization of the fuzzy relation of the NPCM.

Wl W2 e WM
U fi1 fi2 fim
U, 21 2 fom
Un fni a2 fam

2.4.1 Performance of nanocomposite coated on bar plate

The NPCM absorbed by the solar cooker was stored for the heat transfer fraction process by
applying fuzzy logic rules for renewable energy sources. The fuzzy rules were developed based
on heat transfer upon overall fuzzy inputs and outputs of the system. They evaluated the NPCM
performance for the parameters such as U; = ambient temperature, U, = solar radiation, Uz =
fluid temperature, and Uy = wind speed, as shown in Fig.3(i1). The productivity of the NPCM
was determined considering the factor 7, as 0.35, Hy as 0.680, 7y as 0.71, and W; as 0.3.

The result of “E " was implemented for all solar cooker factors from equation (6). Composition
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delivered by S, while the estimation vector functions selected as the uppermost membership in
the group “Upsurge”.

In Figs.3 (iii, iv, and v), the solar cooker indicates that the membership functions are the Ta, Hs,
inputs, and outputs' convective energy method. The application of the fuzzy logic rules carried
out with the implementation of the fuzzy logic toolbox. The membership functions formed,
where their sum was on the entire interval of 1. The variation of the temperature for the NPCM

is equal to membership functions representing along the axes (X, y).

1.0 4 1.0 -
REd".Cu.ou Reducllon
w Idealistic
= 0.8 ) = Idealistic
= Upsurge =084
= =2 —Upsurge
~ -—
g =
0.6
£ =
= 2 (iv) -M,
= 0.4 £
= z 0.4
E =
3 oo g
= 0.2
= 0.2
0.0 A
0.0 4
T T T T
0.2 o 0.4
dT/dt (C /Sec.) 0.4 1 0
dT/dt (°C /Sec.)
1.0 1.0 o
=
— —_
£ o8 g’? = 0.8 =
2 < = — R cduction E.'.J
= = (9 = alistic =
E 0.6 = Reduction 1 = 0.6 IL‘,"' ,‘l"’"_“ =
= = Idealistic ——— = ~psurge =
= = Upsurge — =
£ oaq = B Z o4 =
= =
£ =
= 0.2 = 0.2
0.0 0.0 H
- T - T T T T T
0.4 0.6 o.8 0.4 0.6 0.8 1.0
dT/dt (°C /Sec.) dT/dt °C /Sec.)

Figure 3. (iii, iv &v) Fuzzy logic Membership functions for T,, Hs, and input and output control of the

cooker.

2.5 Thermal modeling

The fuzzy rule applied for the thermal image processing assisted in the model of the proposed
cooker’s thermal behaviors, as shown in Fig.4(a). Therefore, to evaluate the cooker’s
performance, several energy balance equations were developed for different components like
the bar plate absorber, cooking vessel, cooking fluid, internal air, and upper and lower glass

covers. In this study, the following assumptions are applied to simplify the modeling equations:
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388 1. The amount of solar radiation stored by the cooker’s components is neglected.
389 2. The internal heat transfer coefficients are developed based on constants.
390 3. The total solar energy absorbed by the cooker elements, including the bar plate,
391 sidewalls, vessel, and lid, is perfectly transferred to NPCM through conduction.
392 4.  The total energy loss from the NPCM to the ambient neglected
393 5. The distance used for the heat conduction from the bottom side of the bar plate is equal
394 to the thickness of glass covers (4 mm).

395  The energy balance equation on the first cover
396  The first cover absorbs a fraction of solar radiation that reaches the aperture of the NPCM. In
397  contrast, the heat transfer to the second cover occurs through the convective and radiative heat

398 transfer processes.

SUN
Ge.bp(N+P)—ina(N+P)
Ho@ge1Ager + +qr 5
T NN - s@c1eer + (e + 4r)6ez-6e1
H
T " / Hs“GchGclAGCZ 1 QF.bp(N+P)—GCZ + qr.sc-62 + qc.ina(N+P)—6€2
T T,
=T: %
w i Cra mer’s rule=1j
Aocr™ rule:' Po/“
Tina(J\H—P) = dcbp(N+P)—ina T Ac.sc—ina(N+P) ¢ Fuzzy
\ P T A, \
) | ,:;_-7::['7?_7 Hsascracg_.‘i\'!{sfl}:_f = ., C4H, 0,4
asmah, [ L= = > & —>» PCM
4 f = Qesc—f Waste cooking oil
Q Cooker
f-bp *"—‘——- TsL‘ J
= = » MgAl,O,Nidoped Fe,0,
- - - =
‘\_;‘____/1 Nanocomposite
. [ \ Coating
~ \

j m,,pc(,pdr / v

o 2
Nanocomposite | bp+P) = Hs@opw 1P T6c2 (Appvp) — NAsch)
Q PCMI - Stored bp Coating

399
400 Figure 4. (a) Schematic of the heat transfer process in the NPCM.

401  The amount of energy absorbed by the glass cover will be lost through the radiation and
402  convection to the sky and ambient, respectively. As a result, the energy balance equation for

403  the cooker can be stated as:
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dTge
(me)Gcl — 4 = HsaGclAGcl + (QC + qr)GcZ—Gcl — qr.Ge1-sky — Yc.Gec1-Amb. (7)

at
The energy balance equation on the second cover
The heat was absorbed by the lower glass cover (II) from the plate absorber and the cookers’s
inside air. Simultaneously, the solar radiation was transferred from the upper glass to the lower

glass cover through the convection process. Therefore, the energy balance equation on the glass

cover-II can be expressed as:

dT G2 —
(me)Gcz dt HsaGczTGclAGcz + qr.bp(N+P)—Gc2 + Qrsc-c2 T qc.ina(N+P)—Gc2 -

dc.Ge2—Ge1™ 9r.Ge2—Gel (8)

The energy balance equation on the internal air
The internal air absorbs heat from the cooker’s plate absorber by convection and losses to the
lower glass cover through convection. Therefore, the energy balance equations can be written

as:

darT;
(me)ina(N+P) % = qc.pp(N+P)—ina(N+P) + dc.sc—ina(N+P) — Yc.ina(N+P)-Gc2 (9)

The energy balance equation on side walls
The side walls gain heat from an internal air through a convection process in which heat is
transferred from the absorber plate to the side walls while there is a heat loss to the lower glass

cover. The energy obtained by the side walls can be written as:

ATsw
(mcp)sw Tdt = qc.bp(N+P)—ina(N+P) + qc.sc—ina(N+P) + qc.sw(N+P)—ina(N+P) —

qc.ina(N+P)-sc — Yc.ina(N+P)—Gc2 (10)

The energy balance equation on the cooking vessel
Inside the NPCM, a portion of the transmitted solar energy is absorbed by the cooking vessel

containing the cooking fluid that also receives thermal power from the absorber. In this process,
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the vessel transfers a portion of the absorbed heat to the cooking fluid as the convection process.
Simultaneously, the remaining energy is lost by the internal air and the inner glass cover in the
forms of convection and radiation, respectively. Thus, the energy balance equation of the

cooking vessel can be expressed as:

dTsc
(me)sc dr = HsascréczNAscb +qu — Qcsc—f — Qr.sc—Ge2 — Ye.sc—ina(N+P) (1 1)

The energy balance equation on the cooking fluid
The thermal energy transferred from the solar cooker to the cooking fluid as a convection heat

transfer can be written as:

dar
(me)fd_tf = qcsc-f (12)

The energy balance equation of the absorber plate
The absorber plate receives solar energy and becomes hot, providing useful energy to the
vessel. However, a portion of the absorbed energy is lost by the internal air and the inner glass

through convection and radiation as following:

daTr
(me)fbp(N+P) % = Hsabp(N+P)Tgc2 (Abp(N+P) — NAgep) — Qu — qc —
Ar.bp(N+P)-Gc2 — Yc.bp(N+P)-ina (13)

where u;, = z—b is the minimum heat loss-coefficient of the proposed NPCM and can be
b

determined using equations (7) to (13) as following:

A1Tge1-6e2 + BiTinaw+pry + CiTppvepy + DiTsc = Sge1-ce2 (14)
ArTge1-Ge2 + BoTinav+p) + CoTopvapy + DoTse = Sinav+p) (15)
A3Tge1-Ge2 + B3Tinav+p) + C3Topvary + D3Tse = Sppv+p) (16)
AuTee1-ge2 + BaTinav+py + CaTppvapy + DaTse = S (17)
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The temperatures of the double-glass glazing that covers the NPCM were achieved using the
coefficients of A, B, C, D, and S where the integration of Cramer’s rule makes equations (14)

to (17) as:

A

T, =-L (18)

Here, j used an index to represent double glass covers, internal air, cooking vessel (fluid), and
absorber bar plate, while A is a factor for the thermal coefficients used in equations (7) to (13),
and 4; is a factor obtained by substituting the thermal coefficients of Tj by S in equations

mentioned above. Thus, it can be written as:

Ay +B;+C; + D,
_|A2+B;+(C,+ D,
" |A3+ B3+ C5+ Ds

Ay +B,+Cy+ D,

A (19)

Two glass covers evaluated in temperature using the following equations derived from equation

(18) as:
T _ AGcl —-Gc2 (20)
Gecl—Ge2 — A

Tina = Aiza (21)
A

Typ = 22 (22)
A

Toe == (23)

K, +K +Kmy, L .
Having A = 9Tkg T TP Mhp T 7Ty and N = my /A, where m is insignificant of K;. The relation

A
can be derived from equation (18):

Tse = A — NK;Tf (24)
Substituting 7. from equation (24) into equation (11), it can be given as:

de

£ - aTy = x(5) (25)
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where a and f{t) are functions of the solar intensity, ambient temperature, and different heat
transfer coefficients, conducting several calculations, a, f(?), and x were found to be:

The values of the double glass covers are substituting in equation (25), it can be obtained as:

Trower = 2022 [1 = el 4 Tyee0)] 26)

a

Here, Tjx is the initial temperature of the cooking fluid, F(t),, is the average value of f(t) over
the infinitesimal time interval from 0 to t is assumed to be constant values. Thus, equation (26)
calculated the cooking fluid temperature and equations (7) to (13) were used to calculate the
temperature values of the other components.

The integration of nanoparticles is used to increase the system's absorbed energy, resulting in
higher quality output. Internal energy with a performance of an NPCM is occupied as cooker

follows;

E _ mwcw(Tf—output - T _input ) + u(T —Tq) (27)
0-N+P A Hgt Hg

where the amount of total energy (Q, ,.; cner gy + (N+ P)) absorbed by the NPCM-coating can

be written as:

_ Eg . AT,-95 (28)

Qtotal energy +(N+P) At
Also, for calculating the total evaporation power (er) exerted by NPCM, the following
relation can be used as a function of cooking material and fluid temperature:

er: Qtotal energy +N+P * hy (29)

The overall thermal efficiency of the NPCM was evaluated as:

%) — Qey

oA (30)

n total energy +(N+P)(
Where the bar plate’s temperature with NPCM was verified using the intelligent rules as;
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Sp (Y0) =1 (%) (1)

2.5.1 Thermal image processing

The thermal imaging method heated detected regions with temperature distribution upon an
object. An infrared (IR) radiation technique emitted radiation from any item with a surface
temperature above absolute zero is captured by a thermal camera. Thermal imaging evaluated
the amounts of the thermal energy absorbed by different components of the cooker. Fig.4(b)
shows the developed NPCM used during the experiments which can reach an operating
temperature of 93 °C, where the measured ambient temperature is 39 °C. The other
corresponding temperatures, such as Hs Top+ p+N), TG 1,2, Tt, Tia+ p+n Were also determined using
the same procedure. The fluid cooking process was illustrated using thermography techniques,
where the temperature of the food material is characterized by a bright yellow color (higher-
temperature) to dark blue color (lower-temperature).

In the experimental tests (Fig.4b(A)), three different (Low, Middle, High) levels of the
operating temperature for the boiled rice (Figs.4b (B, C & D), as low (Fig.4b(E)), middle (Fig.

4b(F)), and high (Fig.4b(()) temperature thermographies were evaluated.
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IL(_)W Temperature_ AL High Temperature $FLIR

iu): 540C _ HT): 93°C

Figure 4(b).

The image segmentation approach has demonstrated many advantages over the other watershed
transforms including simple, intuitive, and easy detection and segmentation. However, over-
segmentation is the principal disadvantage of the watershed transform which decreases its
indication-based process developed in the system by Palanikumar et al. [47]. The system
verified the cooking materials’ (rice) heat form of the image segmentation method. Since image

segmentation is a powerful tool for watershed transformation, implementing this technique
with MATLAB digital image processing can be a promising way to show the effects of the

proposed modifications on the boiling rice.

2.5.2 Algorithm analysis
The watershed transform algorithm was implemented for the analysis of the food materials as
thermal images. Fig.4(c) depicts the flowchart explaining the watershed algorithm used in this

study.
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Thermal Image of Solar
Cooking material

Watershed Transform
to Original
Thermal Image Segmented by
High Temperature

Gray Scale Image form of High
Temperature by
solar cooking food

Studies of solar cooking food
with effects of thermal image
process

Figure 4(c). Flowchart diagram of the thermal image processing used for thermal images.

2.11 Segmentation of the cooking process images

Generally, segmentation is achieved by distinguishing the object's boundaries inside an image
using pixel-level properties such as the texture, shape, edge, etc. The segmentation technique
was performed on the cooking rice images based on faster analysis instructions reported in the
literature [61]. Thus, three different segmentation techniques, including (i) Threshold
segmentation, (ii) Edge Detection segmentation, and (iii) Region-based segmentation, were

used in this study.

(i) Thresholding Segmentation (G)

The threshold segmentation algorithm was used to extract the boundaries inside the images,
include cooking material with a contrasting background. The results were expressed in the form
of a binary output derived from greyscale images. As a result, each thermal image defined as
solar cooking temperature T;¢¢(X, y), and the threshold images G4(X, y) can be defined as

following where T} ,, is the threshold image value:

Gs = (X, Y) = 1'Tist(Xr Y) >Tiw 0' Tist(Xr Y) < Tiv (32)
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(i1) Edge detection for image segmentation

Edge detection techniques allow the extraction of edges based on the changes in grey tones of
images. In this regard, as continuity and end, two common factors can lead to the identification
of edges. Therefore, the integration of this transformation results in edge image determination
while not influencing the main image [62]. The fuzzy-based application to the membership
function has determined a different way of heuristics (basics) in literature [60,63 | where a new

edge detector developed for the cooking image as:

1
UEdge — food (Gs(x,¥))=1- 14 EnlGs (oY) —Gs @Dl (33)
A

(ii1) Region-based segmentation

Region-based segmentation has been observed in thermal image processing as spatial
clustering. This technique uses two algorithms, namely (a) Region Merging and (b) Region
Splitting as represented in equation (34):

Mrp-r = Li(x,y) /N (4)
(a) Merging area of cooking material

The rice's performance followed even up to a suitable seed area, and the image (rice boiling)
strips on 2x2 or 4x4 blocks.

(b) Splitting area of food performs:

The flowchart diagram of a SBC absorbed heat energy production is shown in Fig.4(c). It uses
splitting processes in the form of a decomposition system at the split/merge process stage.
2.5.3  Simulation of the solar cooker

The experiments were used to verify the developed mathematical model. A coefficient applied
to the energy flux is absorbed by the NPCM as [49]. The parameters required for the modeling

of the solar cooker were taken from the values reported by Funk [64] and Harmim [65], then
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the simulation carried out using python software. The assumed properties used in the modeling
calculation areas are:

ay = 0.05,4;, = 0.0293m? Ay, = 0.10m* ,m = 1kg, C, = 4190 jkg~ 'K, ay,,, =

asc =091, U, = 0.3Wm ™K™', and K, = 385m~'K~* (Copper sheet).

The heat transfer coefficients used in the modeling process are taken from the values calculated
by Hussain et al. [66] and Algifri and Al-Towaie [50]:

hep—air = 13.8Wm™2K™, hego_qir = 25.4Wm 2K~ hepy gy = 12.8Wm™2K ™1,

heyqg = 11AWM™2K "1 he oo p = 440.2Wm™2K ™Y, hyyys = 5.9WmM™2K 1, by =

9.2Wm 2K~ h.gq = 89Wm 2K 1,

The initial temperatures of the solar cooker’s components are considered to be equal to the

ambient temperature.

3 Results and discussion

3.1 Results of solar cookers

Some experimental tests for SBCs with PCM, with NPCM, and CSC were carried out to
evaluate the bar plate absorber’s thermal behavior coated with and without MgAl,O4/Ni/Fe2O3
mixture nanocomposite-PCM. The experimental analysis of the NPCM’s thermal performance
was conducted on a typical summer day. The impact of nanocomposite materials was studied
based on the storage of thermal energy which affects the system's overall thermal performance.
The experiments were conducted from 10:00 am to 2:00 pm to evaluate the system’s
performance under different levels of solar radiation (Hs) for the days on 04.04.2019,
22.05.2019, 10.06.2019, and 03.07.2019. Figs.5(a, b, ¢, d) illustrate the measured values of
solar radiation and ambient temperature (T,) used to verify the mathematical model. As shown
in these figures, for a typical day with scattered clouds sky, the solar radiation shows an

increasing trend from 10:00 am to 12:30 pm, while as noon passes, solar flux follows a constant
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585 trend due to the clear sky. These figures also show that the solar radiation and ambient
586  temperature values range from 650 to 1100 W/m? and 33.46 to 40.23°C, respectively from

587  January 2019 to February 2020 with an average value of 797 W/m? and 37.05°C.

588
589 Figure 5(a). Variations of the average values of Hs, Ta, Tgi,2 Top, Tina and Tr for SBCs (i) CSC (ii) with

590 PCM (iii) with NPCM (on 04.04.2019).

Average Values
22.05.2019

H, - 875 (W/m’)

g

z

T, - 36.12 (°C)

2

Temperature o)
2

591
592 Figure 5(b). Average values of Hs, Ta, Tg12 Top, Tina and Tr for SBCs (i) CSC (ii) with PCM (iii) with

593 NPCM (on 22.05.2019).
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595 Figure 5(c). Average values of Hs, Ta, Tgi,2 Top, Tina and T for SBCs (i) CSC (ii) with PCM (iii) with
596 NPCM (10.06.2019).
B Average Valuesi_i 1|
2 ' 03.07.2019 ,‘
A00 '\ ; H,-762(W/m®) |
' T, - 37.88(°C) |
o
57
E
S
g
=
Pc
597
598 Figure 5(d). Average values of Hs, Ta, Tgi2 Top, Tina and T¢ for SBCs (i) CSC (ii) with PCM (iii) with
599 NPCM (03.07.2019).
600  The natural convection inside the cooker transfers the heat from the absorber to the second
601  glass cover due to the resistance properties, the double-glazing configuration hinders further
602

heat loss. Since the porous structure of nanocomposite (MgAl,04/Ni/Fe203)-PCM was used in
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this study, more reflection loss was experimentally compared with the SBC with PCM and
CSC. As shown in Figs.5(a, b, ¢, d), the average glass cover-1 temperature ranges from 40.10
to 43.66 °C, and the glass cover-2 is in the range of about 41.77 to 51.33 °C, with the average
temperature values of 42.62 and 47.44 °C for the glass covers 1 and 2 of the cookers.
Figs.5(a, b, ¢, d) also indicate the experimental measured average temperature values of the
absorber (Tyvp). It can be seen that the temperature values of the absorber plate increase within
the period from 10:00 am to noon. The bar plate temperature was still 163.74°C at 18:00, where
the conventional cooker's plate absorber temperature (CSC) and the cooker with the PCM were
113.34 °C, 147 °C, respectively.

It is concluded that the cooker with NPCM can produce a significantly higher absorber plate
temperature than the cooker with PCM and the CSC. As illustrated in Figs.5(a, b, ¢, d) the
internal air temperature of the cooker follows similar trends of the absorber’s temperature as
102.56 °C, 147.2 °C, and 164.12 °C for the CSC, SBC with PCM, and SBC with NPCM
working at 02:00 pm respectively. The developed SBCs were tested with water as the working
fluid in contact with the plate absorber. Since the experimental set-up was installed on the high
elevation (20 cm), the water boiled at around 98 °C owing to low atmospheric pressure. As
shown in Figs.5(a, b, c, d), the boiling was started shorter than the expected time at noon. The
temperature was continuously increased despite the cooker with PCM and the CSC with a fast
temperature decreasing rate. At 14:00 the water temperature reached 69.21 °C in the CSC,
83.54 °C in the cooker with the PCM and 138.61 °C in the SBC with NPCM and reduced
cooking times.

3.2 Discussion of solar cookers

In Figs.5(a, b, ¢, d - Exp.) and Fig.5(e -The.), experimental and theoretical temperature values
of glass covers-1,2 (Tg12) under different weather conditions are presented. Comparing

theoretical and experimental results on different days, there are few differences between values
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in days with higher values of solar radiation. The natural convection in glass covers is due to
the resistance properties and therefore, it is concluded that since the single glazing (glass 1)
temperature is relatively high, there is a significant convective heat loss from the top surface.
Therefore, the double-glazing structure can be an efficient design to be used as the aperture
surface in solar cookers.

Fig.5(e) indicates the measured and simulated values of the absorber’s temperature (Tpp). On
the other hand, the integration of double-glazing and PCM and NPCM coatings causes the plate
absorber’s temperature to be steadily increased due to the sensible thermal energy storage.
Despite the decline in solar radiation, the obtained temperature of 163.74 °C at noon stayed
constant during the remaining hours of days 04.04.2019, 22.05.2019, 10.06.2019, and
03.07.2019. The peak temperature achieved 163.74 °C, which was in good agreement for
NPCM with the values reported in the preceding work [67] for similar ambient temperature
and solar radiation values. The main goal of developing SBC with NPCM was introducing a
highly efficient cooker with easy operation to help the society and the thermal energy storage
in the bar plate absorber for incessant cooking by using the NPCM. The proposed cooking

process is based on natural convection i.e., internal air temperature.
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Figure 5(e). Experimental and theoretical temperature values of the glass cover 1, 2, bar plate, internal

air, and food stuffiness for the SBC with NPCM and their variations with time of the day.

As illustrated in Figs.5(a, b, ¢, d), the cooker's internal air temperature has similar values with
the absorber’s temperature. However, it is lower than the expected values due to heat losses
from the internal air to the ambient through the double-glazing glass cover. The internal air
temperature of the developed cooker was growing steadily. Simultaneously, several declining
points are observed in the internal temperature values recorded for the CSC due to the falling
trend of solar radiation. The maximum internal air temperature for CSCs is reported around
127.96 °C by researchers. From other works, the internal air temperature of a typical CSC [63 ]
and reflector-assisted SBC [68]| working at 02:00 pm can be expected to be 102.56 °C for the
CSC, 147.2 °C for the SBC with PCM, and 164.12 °C for the SBC with NPCM and Fig.5(e)
shows a good agreement with these values for the system. As shown in this figure, there is a
good agreement between the experimental results in Figs.5(a, b, ¢, d) and theoretical results in

Fig.5(e). In Figs.6(a,b) compare the absorber plate’s temperature in SBC with NPCM, with
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PCM and CSC under different weather conditions (summer and winter). Additionally, the
SBCs with a double-glass cover indicated a higher absorber’s temperature. Consequently, the
NPCM exhibits higher performance due to the shorter cooking time by [69] and increased
temperature as shown in Fig.6(c). Moreover, the proposed cooker (with NPCM) has higher
thermal conductivity than the CSC and the SBC with PCM. As shown in Fig.6(d), under the
ambient temperature of 38.2°C, the vessel temperature was obtained as 165.5 "C (SBC with
NPCM), 147.2 °C (SBC with PCM), and 112.34 °C (CSC), respectively, while the cooking rate
was obtained as 90 min/3kg (SBC with NPCM), 140 min/3kg (SBC with PCM), and 180

min/3kg (CSC) as proved by [70].
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Figure 6(a). Variations of bar plate’s temperatures under different weather conditions in various days

of experiments for SBCs (i) CSC (ii) with PCM, and (iii) with NPCM.
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Figure 6(d). Water’s (3L) temperature analysis of different solar cookers.

3.2.1 Cooking experiments using thermal image processing

A novel methodology was used to evaluate the thermal performance of SBCs with an enhanced
plate absorber using thermal image processing. The rice boiling was studied as the cooking
process with the segmentation technique. In this way, converting the boiled rice images to an
appropriate version was conducted as one of the most crucial steps for segmentation purposes.
Therefore, the rice boiling area was the input of thermal images, as depicted in Fig.7(a). Then
the food images were processed using Haugh transforms, Otsu threshold, and median filter.
Initially, thermal images were processed in Haugh transforms and attached to the points
connected in edge views. The Otsu methods were used by the golly conditions of the threshold
mixture. The cooking process images become sharpen using non-linear filters as shown in
Fig.7(b) and demonstrated by [71].

The main goal of thermal image processing was to generate a more robust edge indicator
function that was developed for the edge detection purpose based on fuzzy logic rules, X, and

Y-axis shaped of the cooking rice to gray images. The indicator function's value was
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proportional to the intensity value, as shown in Fig.7(c). The proposed cooker was evaluated
under the real cooking conditions for rice and the thermal image processing technique was used
which was verified with segmentation rules in fuzzy logic rules. Therefore, the image
processing was carried out based on the rules with suitable input and output values of black
and yellow edge detection in rice food images. The performance of the NPCM is shown in

Table 5, where the boiled items are eggs, beans, rice, and yam potatoes.

Table 5. Cooking performance of the SBC with NPCM, with PCM, and CSC.

Cooking Time

Food item Quantity Mixture Cooking  Time
(min) ) Remarks

Cooked (2) Water (g) NPCM, PCM (min) CSC

Eggs 10nos 600 30 41 51 Done
Beans 1000 500 58 78 110 Done
Rice 1000 550 45 65 90 Done
yam 1000 450 41 61 75 Done
potatoes 1000 650 41 64 75 Done

The time demanded by the cooker with NPCM was in a range of 30 to 58 min compared to 41
to 78 min for the SBC with PCM and 51 to 110 min for the CSC to cook the same quantity of
materials as investigated by Mahavar et al. [22] and Mullick et al. [72]. The thermal efficiency
values ranged from 31.77-56.21% for SBC with NPCM, 24.77-45.20% for SBC with PCM,
and 24.90-33.90% for the CSC, respectively. In terms of efficiency laws (Cramer’s rule and
fuzzy logic), the performance of the SBC with NPCM was enhanced, as depicted in
Fig.8(a), which has also been demonstrated by Bhavani and Shanmugan [63 ] and Venugopal et
al. [68]. The experimental tests revealed that the average efficiency of the system is 45.63 +
2.21% (CSC), 49.21 £+ 2.34% (SBC with PCM), 50.74 + 2.09% (SBC with NPCM) as
summarized in Table 6. The improved thermal efficiency values of SBCs were about (1) 6.7%

for CSC, (i1) 8.6% for the SBC with PCM (iii) and, 9.7% for the SBC with NPCM, respectively.
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713 Finally, it was found that the overall thermal performance of the SBC with NPCM is enhanced

714 by about 11% as shown in Fig.8(b).
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715
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717 _ (B) RGB2 gray scale image, (C) RGB2 gray scale image histogram.

718 Table 6. Analysis of the efficiency resulted from 1,000 g food stuffiness.

Solar Cooker
] _ ) Cooker Side  Overall thermal ) )
Efficiency Equations ~ Absorption and ) Modification
wall loss Efficiency (%)

Transmission
Y=0.68 —5.18x 0.68 5.18 45.63 CSC
Y =0.67 -5.10x 0.67 5.10 49.21 With PCM
Y=0.72-5.18x 0.72 5.18 51.74 NPCM
719
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721 Figure 7. (b) Thermal images of rice; (A) Haugh transforms (B) Otsu thresholding (C) Median filter.
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723 Figure 7. (c) Fuzzy logic analysis of thermal images of solar cooker; (a) X-axis, (b) Y-axis, (c) edge
724 detection.
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Figure 8(b). Comparison of overall improvement in SBCs (i) with NPCM, (ii) with PCM, and
(iii) CSC.
3.1 Suggestions for future works
(1)  Conducting the same testing procedure for other materials to expand the applicability of
the proposed design.
(i1)) Optimization should be applied to the proposed model to achieve higher performance

values.

(iii)) Long -term evaluation process should be carried out at different seasons.

4 Conclusion

In this study, three SBCs with PCM, with NPCM, and without NPCM were developed and
their performance was experimentally and theoretically evaluated. The boiled rice food’s
thermal images were verified in both Cramer’s and fuzzy rules. The sufficient internal heat
transfer to the bottom sides, bar plate absorber, sidewalls, and the whole cooker were also
investigated theoretically and experimentally. Further analysis may reveal the relationships
between the characteristics in thermal images of the grain quality and digestibility. Finally, the

main concluded points of the developed cooker are presented as:

e The thermal efficiency of the SBC was between 56.21 — 31.77% for the SBC with
NPCM, 45.20 to 24.77% for the SBC with PCM, and 33.90 - 24.90% for the CSC.

e The performance of the SBC with NPCM was enhanced by adjusting the ambient
temperature, fluid temperature, and wind speed.

e The results showed that the maximum absorber’s temperature was 163.74 °C, 147 °C,
and 113.34 °C for the SBC with NPCM, with PCM, and CSC, respectively.

e The SBC with NPCM provided the internal air temperature of 164.12 °C, and 147.2 °C

and 102.56 °C for SBC with PCM and CSC, respectively.
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e The SBC with NPCM required 30 to 58 min to cook different quantities of food
materials, while the SBC with PCM and CSC needed 41 to 78 min and 51 to 110 min,

respectively to do the same.

Notation of the novel cooker
am - Fraction melted
a, - Fraction of the bar plate reacted
as- Fraction of the bar plate to absorbs
A-Inside heat air of the system (m?)
by, Optical efficiency of bar plate temperature (°C)
Cp- Specific heat of the cooker (kJ/kg K)
Cpp - Specific heat of the bar plate (kJ/kg K)
C,y - Average solar cooker temperature (°C)
Cyp - Bar plate Specific heat (kJ/kg K)
Cqp - Average specific heat between Ti and Tr (kJ/kg K)
Cjp - Average specific heat between Tm and Tr (kJ/kg K)
Csp - Average specific heat between Ti and Tm (kJ/kg K)
Cpi- Solar Cooking for power intervals (°C)
Cpw- Specific heat of water (kJ/kg K)
C, - Cooker area (vessel pots) (m?)
¢ - Convective heat transfer coefficient (W/m?)
dT - Total temperature of the system (°C)
dt - Gain to energy for bar plate taken time derivative (S)
Gc - Glass cover one of the systems (°C)
H; - Solar irradiation (W/m?)

m - Mass of the cooker (kg)
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m,,- mass of water use cooking pot (kg)

My, - mass of bar plate (kg)

my, - Bar plate mass of heat storage medium (kg)

q. - Convective heat transfer coefficient (W/m?)

g, - Radiative heat transfer coefficient (W/m?)

Qc.sc—a - Heat transfer convective rate of the cooker-to-cooker area (W/m?)
Qr.sc—ce1 - Heat transfer from reflective heat in the solar cooker to glass cover one (W/m?)
Qc.a—ce1 - Heat transfer from convective air to glass cover one (W/m?)

Qrsc—ce1 - Heat transfer from reactive in the solar cooker to glass cover one (W/m?)
qRr.bp—Ge1 - Heat transfer from reflective heat in bar plate to glass cover one (W/m?)
qRr.Hs bp—ce1 - Heat transfer from reflective solar irradiation in bar plate to glass cover one (W/m?)
Qpcm-bp - Total amount of PCM heat stored of the bar plate (kJ)

Qr_PCM - Amount of thermal energy fraction use of PCM by the system (kJ)

Q - Total amount of heat stored of the bar plate (kJ)

Qf-pp - Amount of thermal energy fraction use of bar plate by the system (kJ)

q - Heat transfer rate of the cooker (W/m?)

Gr.cc1—sc — heat transfer from radiative in glass cover one to solar cooker (°C)

R - Reflector of the radiation temperature (W/m?)

r - Radiative heat transfer coefficient (W/m?)

Sc — Solar cooker (vessel) (kg)

Ty- Glass cover temperature (°C)

T,- Ambient temperature (°C)

Tsky - Sky temperature (°C)

Ty, - Bar plate temperature (°C)

Tswyp - Sidewall plate temperature of the system (°C)

T¢y - Fluid water temperature (°C)
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806 T - Initial water temperature (°C)

807 Twm - Melting temperature (°C)

808 Ty - Cooking final temperature (°C)

809 T; - Cooking initial temperature (°C)

810 Ahm - Heat of fusion (kJ/kg)

811 Ah; - Mixed PCM Endothermic heat of reaction of the solar box cooker (kJ/kg)
812 Ah, - Heat of reaction of the cooker (kJ/kg)

813 pg- Partial glass cover temperature (°C)

814 asc- Absorptivity of the solar cooker in the system (°C)
815 20 - Reflected beam at an angle 2- theta from the incident beam by the sample - XRD.
816  Symbols

817  awp - Absorptivity of the bar plate

818  ag2 - Absorptivity of glass cover (1,2)

819  a, - Absorptivity of the vessel

820 14, - Transmissivity of the bar plate

821  77- Transmissivity of the fluid

822  1,- Effective transmittance of the vessel

823  pg- Density of the glass cover

824  pys- Density of the solar cooking materials fluid
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